The release of soluble Cr VI species by a chromate conversion coating (CCC) was monitored quantitatively by ultraviolet-visible spectroscopy. By careful selection of measurement wavelength (339 nm), the Cr VI concentration could be determined without regard to solution pH or Cr VI speciation. The Cr VI concentration in solution over a CCC reached an equilibrium value that depended on pH, ionic strength, and the ratio of the CCC surface area to the solution volume (A/V). In separate experiments, the adsorption of Cr VI by synthetic Cr III hydroxide to form a Cr III -Cr VI mixed oxide was observed, and also led to an equilibrium concentration of Cr VI in solution. The equilibrium Cr VI concentration was determined for a variety of A/V values on both AA1100 and AA2024-T3 aluminum alloys. The results are inconsistent with release mechanisms based on the solubility of a Cr VI salt in the solution or depletion of Cr VI from the CCC. However, the observed concentrations are consistent with a mechanism similar to a Langmuirian adsorption-desorption equilibrum of Cr VI on a porous, insoluble Cr III hydroxide matrix. The Cr III hydroxide matrix has a finite number of Cr VI binding sites and exhibits a nonlinear relationship between solution and solid Cr VI concentrations governed by an equation similar to a Langmuir adsorption isotherm. The proposed model incorporates reversible adsorption and de-sorption of Cr VI , with adsorption favored at low pH during formation of the CCC, and desorption favored in field conditions. The model quantitatively predicts the observed concentrations after determining the binding constant from fits to the data. The model explains the capacity of a CCC to release active Cr VI corrosion inhibitor and provides strong evidence that Cr VI storage in a CCC involves reversible formation of a Cr VI -O-Cr III mixed oxide.
It is generally accepted that Cr VI in chromate conversion coatings (CCCs) and in SrCrO 4 containing primers c is the critical component in corrosion protective coating systems used on aluminum aircraft alloys such as AA-2024-T3. The ability of a CCC to release Cr VI as soluble chromate species is likely to be important to "self-healing" exhibited by CCCs, in which CrO − 4 2 or related species can migrate to defects or corrosion sites and inhibit further damage. [1] [2] [3] [4] [5] [6] [7] [8] Several investigators have reported that CCCs contain both Cr III and Cr and a Cr III -Cr VI mixed oxide has been identified as a major CCC component. 12 Furthermore, release of CrO − 4
2 from a CCC has been demonstrated, as has protection of an initially untreated alloy surface by dilute CrO − 4 2 in a chloride solution. 7 The mechanism of corrosion protection by chromate is currently being debated, but storage and release of Cr VI by a CCC appear to be essential for its long term protection property. In addition, release of chromate from sparingly soluble SrCrO 4 in primers may also provide a source of dilute chromate for self-healing.
The current investigation addresses the storage and release of Cr VI in more detail. The release of Cr VI from a CCC and SrCrO 4 into water and salt solution was monitored quantitatively with ultraviolet-visible (UV-vis) spectroscopy, in order to examine solution concentrations, saturation (if any), release rate, and possibly storage mechanism. By considering a variety of conditions, a quantitative model for Cr VI storage and release was formulated, and its implications for corrosion protection were considered. The kinetics and rate-controlling factors during release will be addressed in a separate communication.
Experimental
All the chemicals used were analytical grade. Solutions were prepared with "deionized" water (Barnstead, Nanopure 18 MΩ-cm 4 or NaOH and a pH meter. UV-vis absorption spectra for solutions in 1 cm quartz cuvettes were collected using either a Perkin Elmer Lambda 20 spectrometer or a custom system based on an ISA Triax monochromator. Spectra for one Cr VI concentration are shown in Fig. 1 for a pH range from 2.01-9.47. Since the absorption at 339 nm (A 339 ) was independent of pH, this wavelength was used to construct the pH-independent calibration curve shown in Fig. 2 VI mixed-oxide powder samples on glass were immersed in known volumes of Nanopure water or 0.1 M NaCl solution and tightly covered. The containers were agitated occasionally over a period of several days. Aliquots (2-3 mL) of each solution were withdrawn periodically for UV-vis spectroscopy, then returned to the corresponding container.
[CrVI] released from the CCC film or mixed-oxides was determined from the absorbance at 339.0 nm. The details of CCC surface/volume ratio and Cr III -Cr VI -mixed-oxide mass/volume ratio are listed in Table I .
Saturation concentrations of SrCrO 4 in deionized water or 0.1 M NaCl were obtained by adding 2 g of SrCrO 4 to 100 ml Nanopure water or 0.1 M NaCl, and stirring for 6 days. After centrifugation, 1.00 mL of supernatant was diluted to 50.00 mL with 2 M NaOH, then a UV-vis spectrum was obtained. The CrO -4 2 concentration was determined from the molar absorptivity at 373 nm, 4884 M -1 cm -1 . For experiments in which the sample was not reused, such as SrCrO 4 saturation and the pH effects described below, it was more convenient to dilute the sample with NaOH and determine the absorbance at 373 rather than 339 nm. This approach significantly reduced possible interference from NO ) was prepared. The total volume was 500 mL and the initial pH was below 3. In the first cycle, concentrated (~20 M) NaOH was added dropwise while agitating the solution. After each NaOH addition, the solution was stirred until the pH stabilized to ±0.1 pH unit. 10 mL of the suspension was centrifuged for 5 min, then 1.00 mL aliquot of supernatant solution was quantitatively diluted to 50.00 mL by 2 M NaOH and analyzed spectrophotometrically. The remaining supernatant solution and solid was returned to the original 500 mL volume of solution. NaOH was added repeatedly such that spectra were obtained at 0.5 ~ 1.0 pH unit increments. Spectra were obtained after aliquots were diluted with NaOH, since the NO -3 . band (310 nm) overlaps with Cr VI bands at acidic or neutral pH. After reaching a pH of 12, the process was reversed by incremental addition of concentrated HNO 3 until the pH was less than 3. A second complete cycle of NaOH and HNO 3 addition was conducted, in order to demonstrate reversibility. A similar experiment was carried out by using Cr 2 O 3 , instead of Cr(NO 3 ) 3 ·9H 2 O. 
Results
When a CCC was immersed in water or salt solution, the Cr VI concentration in solution increased with time, as shown in Fig. 3 ] observed in 0.1 M NaCl was higher than that in deionized water, by approximately 26%, as shown in Fig. 4 .
Release of Cr VI from Cr III -Cr VI mixed oxide was studied by adding known weights of synthetic mixed oxide to known volumes of water or salt solution, followed by spectrophotometric monitoring. Release curves similar to those of Fig. 3 and 4 were observed, and the final concentrations are listed in Table I . As was the case with the CCC, the final [Cr VI ] after release from the synthetic mixed oxide was in the range of 10 -4 to 10 -3 M, decreased with aging time, and was slightly higher in 0.1 M NaCl than in water. ] observed in water to that in 0.1 M NaCl ranged from 0.60 for SrCrO 4 , 0.5-0.7 for the CCC, to 0.79 for the mixed oxide. This ratio did vary somewhat with aging time and A/V ratio, but was consistently in the range of 0.6 to 0.8 for all three starting materials. The activity coefficient of the dominant Cr VI species in solution (HCrO4 ) in 0.1 M NaCl is 0.769, calculated from the extended Debye-Huckle equation. 13 The experimental ratios are very close to this calculated value, implying that the higher concentration observed in NaCl is due to a reduced activity coefficient. ] observed at long times in Fig. 3 . Note that the area relevant to adsorption is the microscopic area of the Cr III oxide matrix, not of the CCC itself. Although this microscopic area is difficult to determine, we assume it to be proportional to the geometric CCC area or to the mass of synthetic mixed oxide. If we define N VI as the moles of Cr VI present in the CCC or mixed oxide solid, N VI may be calculated after assuming a homogeneous distribution of Cr VI in the solid. For the CCC, N VI equals the initial average Cr VI concentration (mol/geometric cm 2 ) times the CCC geometric area. For the mixed oxide, N VI equals the initial Cr VI loading (mol/gram) times the weight of mixed oxide. Table I is shown in Fig. 9 . Results for the CCC on both AA2024 and AA1100, as well as for the synthetic Cr III -Cr VI mixed oxide are shown, along with curves predicted from Eq. 3 for three values of the product β[H + ]. As noted earlier, the model assumes that Cr VI permeates the CCC and is able to adsorb to its microscopic area. This permeation process certainly affects the release kinetics, but Eq. 3 requires only that the entire CCC or mixed oxide has equilibrated with the solution. The release kinetics will be discussed in a separate publication. Several observations about Eq. 3 and Fig. 9 deserve note. First, the agreement between the results from the CCC on different alloys and the synthetic mixed oxide implies that the same chemistry controls the release process. As stated previously, 12 we believe the CCC consists of a porous Cr . For comparison, "chemisorption" is considered to have a ΔG° of adsorption more negative than −40 kJ/mol, corresponding to a binding constant of >10 7 , while physisorption has a ΔG° above −25 kJ/mol (β< 2 × 10 4 ). 19 The β value estimated from Fig. 9 (10 7 -10 10 ) corresponds to chemisorption, implying a relatively strong covalent bond. As noted earlier, the pH dependence of Cr VI binding apparent in Fig. 6 ] in NaCl, at least to the accuracy expected from the extended Debye-Huckel equation. 13 The current results do not take Cr VI speciation into account, except for the spectophotometric analysis described in Fig. 1 and 2 
